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1.  INTRODUCTION 


Predictions  for  solar  activity  and  its  subseqiK^nt  effects  on  DoD  systeius  ic'ly  lu-avily 
on  monochromatic  imaging  in  several  wavelengths  with  poiarimetric  measun'mcnts  for 
observing  the  solar  magnetic-field  evolution.  Such  data  are  presently  acquired  by  the 
AWS/SEON  system  and  are  transmittc'd  to  th('  Space  Environment  Services  C’t'uter  which 
is  jointly  opt'r.ited  by  NOAA  and  tlu'  USAF  Space  Fon'cast  Center.  Other  maguetograph 
systems  are  operated  by  Big  Bear  Solar  Observatory,  by  th('  NASA  Marshall  I'acility  in 
Huntsville,  and  at  the  Mees  Solar  Observatory  at  Haliakala  in  Hawaii.  All  ot  tin'se  systc'ius 
arc  based  upon  conventional  Lyot  bin'fringent  filters  which  are  mechanically  tuned  or 
sample  only  one  point  in  the  line  or  use  high  voltage  KD*Ps.  It  is  well  known  that 
systems  with  moving  optical  parts  ar<'  slow  and  show  image  alignment  and  systematic 
quality  differences  with  orientation  chang<‘.  Meas<ir('ments  from  a  single  spectral  point  are 
subject  to  ambiguous  interpretation  of  magnetic  fi<'ld  with  vt'locity  and  line  strength.  High- 
voltage  modulators  are  difficiilt  to  maintain  and  control  ndiably.  With  the  availability  of 
new  liquid-crystal  polarization  retar<lers  it  is  possibh-  to  simplify  the  magnetograph  design 
with  low-voltag<'  solid-state  optical  systc-ms  having  iinprove<l  speed,  s(’nsitivity.  reliability, 
and  accuracy.  This  study  presents  the  first  magn<*tic  field  m('asiir('ments  nrade  with  a 
polarimeter  based  upon  liquid-crystal  technology. 

Liquid  crystal  devices  consist  of  a  cholesterolic  fluid  sandwiched  between  two  optically 
flat  pieces  of  glass  which  are  coated  with  a  thin,  transparent,  electrically  conducting  layer. 
Two  basically  different  types  are  available  based  tipon  ne'iuatic  and  smectic  choh'sterolic 
fluids,  respectively.  Nematic  device's  prerviele  le)w-ve)ltage'  variable'  tuning  re-tarele'rs  with 
relatively  slow  tuning  properties  (5  millisecemds).  Sme'ctic  elevice's  are  fixe'd  re'tareh'is  which 
have  two  le)W- voltage  rotationed  state's  fe)r  first  state  switching  (.05  millisecernels).  Sme.'ctic 
devices  calleei  ’'ferroelectric”  liquiel  crystals  are  cermmercially  available  from  Displaytech 
Inc.  which  are  nearly  achromatic  half  wave  ret arde'is  in  the'  visible'.  The  electrical  switching 
between  the  states  is  equirale.'nt  in  its  pedarization  effe'ct  te)  rertating  the  device  through  45°. 
Programmable  tuning  with  pre'cise'  timing  is  ejbtaine'el  with  lerw-voltage  control  circuitry 
with  modulatiern  frequencies  set  with  ceunpute'r  controlle'r.  The'  commercial  materials  used 
were  all  e)f  exe'e'lle'iit  optical  quality  (,\/10).  The'  fe'treK'le'ctries  e'xhibit  high  transmittance 
(96%)  anel  very  geroel  unifejrmity  (<  1%.  re'tarelance  variation  ewer  the  fielel  e)f  view).  The 
nematics  useel  in  the'  present  proof  of  cone-e'pt  we're  ae-epiire'd  from  Meaelowlnrk  e)ptics,  The'y 
have  gooel  transmittance  (93%)  and  fair  uniformity  (~  5'/  variatiem  within  the'  specifie'd 
clear  aperture). 

A  design  idea  well  suited  for  a  solid-state  niagne'te)graph  has  been  availal)le'  based 
upon  the  natural  passbnnd  characteristics  e)f  Lye)t  bire'fringe'iit  filte'rs.  A  stae-k  e)f  liquiel 
crystal  elements  is  arranged  for  selecting  and  modulating  the'  pe)lari/.atie)n  state'  input  into 
a  Lyot  filter  while  a  stack  is  modeilated  in  phase  as  a  spe'ctral  eliscriiuinate)i  after  the 
filter.  The  two  sections,  the  polarization  and  .spectral  analyze?r  sectienis.  ce)mprise  the 
LCP.  The  principle  was  eised  sucetessfully  with  KD*P  crystals  to  prewiele  high  re'solut ion 
longitudinal  magnetograms  (Newembe'r  1984).  Liquiel  crystals  give  the-  same  possibility  for 
vector  magnetejgrams  with  a  simple’r  anel  meire  re'liable  harelware  system.  The'  principle  of 
e)peration  is  de'se-ribed  in  See  tion  2. 

Optimally,  the  Lye)t  filte'r  passbanel  .shenild  be  the  wielth  of  the-  solar  line-.  The  advaii- 
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tage  of  using  a  relatively  large  passband  is  the  high  signal.  The  polarized  signal  increases 
in  proportion  to  the  total  polarized  light  but  the  noise  increases  only  in  proportion  to  the 
square  root  of  the  total  integrated  intensity.  The  light  levels  are  high  at  the  normal  im¬ 
age  scale  of  the  National  Solar  Observatory/Sacramento  Peak  (NSO/SP)  Vacuum  Tower 
Telescope  (VTT)  provides  adequate  light  for  video  operation.  An  example  vector  magne¬ 
togram  obtained  using  this  concept  is  shown  in  Section  3  using  normal  ceds  with  about  2 
seconds  readout  time  per  exposure  or  a  total  of  30  seconds  for  the  vector  magnetogram. 
If  should  be  possible  to  obtain  vector  magnetograms  having  this  signal  to  noise  in  about 
1/2  second  with  video.  The  LC’P  is  an  inherently  sensitive  design  and  with  proper  readout 
electronics  should  be  ideally  siiited  to  study  weak  vector  fields,  fast  transient  phenomena, 
electric  fields  using  the  Stark  e'ffect,  or  particle-beam  impact  polarization  effects  using  the 
same  <lesign  concept  pres<uited  here. 

One  of  the  major  difficulties  with  using  liquid  crystal  polarization  optics  for  precise 
polarimetry  is  the  lack  of  an  inh<'r<’nt  calibration.  Tests  done  as  part  of  this  work  have 
shown  the  sensitivity  of  nematic-type  liquid  crystals  to  wavelength,  and  other  tests  indicate 
a  temperature  sensitivity,  too.  The  calibration  must  consider  the  telescope-  effect  too,  since 
the  telescope  itself  represents  one  of  the  major  .sources  of  polarimetric  uncertainty.  For 
the  present  proof  concept,  calibration  curve.s  were-  ele-veleipe-d  prieir  te)  the  observations, 
and  the  telescope  plus  peilarizatiein  analyzer  calibratiem  was  de-rived  using  a  se-lf-consistent 
method  (see  November  1991).  Magnetograms  de-rive-d  in  this  way  give  a  geioel  qualitative- 
representation  e)f  the  solar  magnetic  fields  and  pren-ide  a  demonstratiem  e)f  the  technique 
and  of  the  usefulness  of  the  liquid-crystal  techne>le)gy.  A  follow  up  study  will  implement  a 
precise  in-situ  polarimetric  calibratiem  for  both  the  LCP  and  the  NSO/SP  VTT  using  the 
techniques  studied  here.  The-  most  extensive  part  e)f  this  study  has  been  the  investigation 
of  precise  in-situ  calibratiem,  which  I  describe  in  Se-ctiem  4  (November  and  Elmore  1987, 
November.  1988.  Dunn  et  al.  1989.  Nove-mbe-r  1989,  1992a,  1992b,  1992c,  1993). 

2.  DESIGN  CONCEPT  OF  POLARIMETER/SPECTRAL  ANALYZER 

Ramse-y  (1971)  presents  a  simple  and  naturally  compe-nsating  magne-tograph  design 
leased  upon  a  Lyot  filter  se-t  in  erne  fixed  tuning  pe)sitie)n.  The-  design  expleats  the  properties 
of  the  natural  Lyot-filter  transmissiem  functiems  te)  pre)vide  a  ce)mple-te  se;t  of  pejlarization 
and  spectral  samples  which  give-  indepe-ndent  magne-tic  fie-lel  informatie)!!  in  eae-h  sample. 
By  virtue-  of  the  fact  that  a  Lye)t  element  give-s  a  Foeirie-r  channe-l  spe-ctrum  passband,  a 
Lyot  filter  provides  a  cennple-te  Fe)urie-r  analysis  of  the  spe-ctral  line.  Othe-rs  have  use-el 
this  feature-  as  the  basis  e)f  a  Fourier  tachome?ter  fe)r  pre-cise  Doppler  veleicity  measurement 
and  pointed  out  many  of  the  advantages  (Beckers  e-t  al.  1975,  Evans  1980.  Brenvn  1980, 
Ne)ve-mber  1984).  Ramsey's  scheme  is  a  gene-ralization  because  it  can  pre)vide-  a  cemiplete- 
spectral  Femrier  analysis  in  e-ach  of  the  four  Ste)ke-s  pe)larization  parame-te-rs. 

The  simplest  design  of  a  Lyot  element  ce)nsists  e)f  a  pe)larizer,  fe)lle)we-el  by  a  birefrin- 
gent  crystal,  followed  by  a  se-ce)nel  pe)larizer.  The  e-le-rnent  gives  a  sinuse)ielal  transmission 
functie)!!  in  wavelength  whose  spectral  period  is  inv<-rsely  proportional  to  the  thickness  of 
the  birefringent  crystal.  Tuning  of  the  element  in  wavelength  or  shifting  the  sinusoidal 
transmission  function  can  be  affected  most  simply  by  varying  the  eth-ctive  optical  thick¬ 
ness  f)r  retardance  of  the  crystal  by  a  small  amount.  By  stacking  Lyot  eh-rnents  in  seri(-s 
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each  with  two  times  the  thickness  of  the  pnwious,  we  ol)taiii  a  transmission  fuiK  tiou  whic  h 
is  the  product  of  sinusoids.  The  result  is  the  single  Lyot  passhand  funcrion  illustrared  m 

Figure  1.  Lyot  Filter  Design 


Lyot 

Figure  1:  Lyot  Filter  Design.  The  spectral  passbands  arc'  shown  in  wavc'length  A  for 
Lyot  elements  having  thicknesses  ID,  2D.  4D,  and  8D.  Tlu'  product  gives  the'  single  Lyot 
passband  function  shown  at  the  bottom. 


By  shifting  the  last  Lyot  element  in  the  series,  i.e.  SD.  in  phase  with  rc'spc'ct  to  the 
other  elements,  it  is  possible  to  obtain  alternate  transmission  functions.  Figure  2  shows 
four  of  these  labeled  r+,  T_,  T/j.  and  Tn  which  are  functions  of  the  wavc'length.  r+  is 
the  normal  Lyot  filter  transmission  function.  T-  is  the  transmission  function  for  the  last 
element  detuned  by  90°.  Both  of  these  are  simultaneously  available'  at  the*  exit  of  the  filter 
by  using  a  polarizing  beam  splitter  and  studying  both  exit  polarization  state's  rathc;r  than 
extinguishing  one  (T-)  as  is  usual  with  Lyot  filters.  If  a  4.jdc'g  spc'ctral  phase'  shift  is 
introduced  in  the  last  Lyot  ('lenient,  then  the'  two  output  signals  Tn  and  Tu  :ue  obtained, 
similarly.  The  transmission  diff<'rence  functions  T, „  =  7+  —  T-  and  T„dd  =  Tu  —  Tu  are- 
shown  in  the  bottom  panel. 

A  full  2D  image  is  obtained  in  each  of  the  transmission  functions  T±  and  Tru  since 
the  Lyot  system  is  a  transmitting  filteir  syste-in.  Then  the'  diffe'rence  transmission  functions 
Teven  and  Todd  be  obtained  by  subtracting  the  7+  :md  T-  images  or  the'  Tr  and  Tb 
images,  respectively.  The  individual  Stokes  parameters  can  be  imaged  also  by  a  modulation 
scheme.  For  example,  for  the  input  circularly  polarize-d  inte-nsity  /  +  V  the  two  output 
channels  give  7  +  V'  in  7+  and  7_  rcspe-ctively.  If  we  switch  the  input  state  to  I  -  \ 
while  simultane'ously  re-ve^rsing  the  output  channe-ls.  thc'ii  wc'  form  the  sum:  (7  +  1  )  7+  + 
(7  —  V)  ■  7_,  in  one  output  channel  and;  (7  -t-  V')  •  7_  +  (7  —  F)  ■  T+.  in  the  otlu'r  output 
channel.  The  difference  gives  directly:  V'  •  T^vm-  This  rc'lationship  is  verific'd  for  gc'neral 
spectral  integrals.  It  was  Ramsey's  obse'rvation  that  the'  resulting  profile  functions  are  very 
similar  to  the  Ze^eman  profile  functions  produced  by  a  magnetic  field.  Thus  the-  system 
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Figure  2:  Lyot  Spectral  Traiisiiiissioii  Functions.  The  spectral  transmission  functions  for 
the  two-channel  Lyot  syst<’ni  T+  and  with  tlu'  last  element  detuned  90'’  T-  are  sliown 
in  the  upper  panel.  Tliese  two  passhand  ftmetions  are  simultaneously  available  using  a 
polarizing  beam  splitter  following  the  filter.  The  spectral  transmission  functions  for  the 
system  de  tuned  ±45'*.  Tn  and  T/).  shown  in  tin-  seconel  panel  are  simultaneously  available 
too.  The  difference  functions  Tr,,rn  =  T+  —  T-  an<l  T,„ia  =  Tn  —  Tu  shown  in  the  bottom 
paiK'l  le'present  the  effective'  filter  transmission  function  fe)r  the  simultane'e)us  eliffeie'iie-e 
signals. 


separates  directly  the  polarization/ spectral  components  natural  for  tlu'  signal  of  int('r('st 
in  magnetic-field  measurements. 

The  system  consists  of  a  polarimeter  section  which  is  placed  before  tlu-  XSO/SP 
Universal  Birefringent  Filter  (UBF)  and  a  spectral  analyz('r  section  which  is  placed  im¬ 
mediately  following  the  UBF  in  the  light  beam  as  shown  in  Figure  3.  The  polarinu'ter 
modulates  the  light  at  up  to  31.5  kHz  to  give  nearly  simultaneous  polarization  and  spec¬ 
tral  images  by  temporal  integratieai  in  twe)  e'xit  ccel  channe-ls.  A  se'epienee’  e)f  8  image' 
pairs  taken  with  combinations  etf  se-ttings  in  the*  polarimete-r  anel  spectral  analyze-r  sectie)ns 
provides  a  cemiplete  polarization  and  spectral  sample.  The  me)dulatt)r  contre)!  syste'in  pro¬ 
vides  multiple-fre'quency  synchreinous  moelulatiem  e)f  fast  ferro-electric  anel  slenver  tunable 
nematic  liquid  crystals,  for  use  with  neirmal  ceds  en  for  use;  with  vide'e).  The-  e'ight  expe-r- 
iment  modes  are  specified  by  tuning  the  elements  in  the'  Lieiuiel  Crystal  Polarime'te'r  in 
Table  2.1. 
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Figure  3:  Schematic  Design  of  Liquid  Crystal  Polarinu'ter  with  Universal  Bire-fringe'nt 
Filter.  The  combined  LCP  and  UBF  optical  arrangeme'iit  is  she)wn.  Eaeh  e-le-ment  is 
labeled  according  tej  type:  N  fetr  ne'inatic  liquiel  crystal,  F  for  ferre)-cle'e  trir  liepue]  crystal. 
P  for  polarizer,  bs  for  polarizing  be-ain  splitter,  and  no  lal)e'l  fe^r  fixe'tl  wave'  [date's.  The 
polarimetric  activity  is  given  above  each  device  with  vectors  she)W’ing  the  e)rirntation(s) 
of  its  principle  axis  in  the  beam  frenn  the  upward  directie)n.  The  entrance  i)e)larization 
analyzer  sectieni  can  be  set  to  give  successive  <!xtinction  anel  transmission  e)f  any  single 
Stokes  state.  It  cenitains  a  soliel-state  Iinear-pe)larizatie)n  re)tator  sectie)n  wliicii  is  set  to 
match  the  orientatieni  of  the  entrance'  pedarizer  te)  the'  UBF.  The  exit  spe'ctral  analyze'! 
se'ction  switches  the-  spectral  transmission  functie)n  betwe'e'H  the  two  e)utput  ehannels  A 
and  B. 


The  contre)!  electronics  synchretnetusly  operate^s  all  of  the'  lic[uid  crystals  with  DC  analog 
input  for  setting  the  voltage’  in  eaedi  ne’inatic  and  with  thre'e’  contred  Idts  fe)r  e  ach  fe  ire)- 
electric.  All  of  the  nematics  are  me)elulate'el  at  a  high  fre'que'iicy  (5  kHz)  at  the’  specified 
voltage  amplitude.  The  three  bits  fe)r  the  fe’rreielectrics  repre’sent  high  frequency  on.  30  Hz 
frequency  etn,  and  switch  phase.  The’  fre’qtiencies  are  logically  added,  e  g.  high  fre’quency 
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modes: 

X. 

F. 

X, 

No 

Fo 

It  vt  n  • 

0 

fast  rate 

rot 

0 

ccd  rate 

lodd  ■ 

0 

fast  rate 

rot 

A/4 

ccd  rate 

Q(  ven- 

0 

fast  rate 

rot 

0 

fast-Fccd  rate 

Qodd  ■ 

0 

fast  rate 

rot 

A/4 

fast + ccd  rate 

L  f  ff  n  - 

0 

—  fast  rate 

A/4-|-rot 

0 

fast+ced  rate 

odd  - 

0 

—  fast  rate 

A/4+rot 

A/4 

fast-t-ced  rate 

Y 

*  r  Vf  Tl  • 

A/4 

fast  rate 

rot 

0 

fast-l-ccd  rate 

^  odd- 

A/4 

fast  rate 

rot 

A/4 

fast+ced  rate 

Table  2.1:  LCP  Operating  Modes  and  Timing.  Tiie  retardance  values  and  modulation 
freqiK'iicies  ar<'  shown  for  ('ach  of  the  five  liqtiid  ei  vstals  for  each  of  the  8  basic  mod<'s  of 
the  experiiiK'iit.  The  liquid  crystal  N,  and  F,  corn'spond  to  the  first  two  eleiiK'nts  in  tlu' 
polarization  section  of  Figure  3;  X,  is  in  the  rotator:  X„  and  Fo  are  after  the  UBF  in  the 
spectral  s('ction  and  control  output  through  the  beam  splitter.  The  retardance  rot  for  Xr 
refers  to  a  variable  value  that  is  set  according  to  the  orientation  of  the  entrance  polarizer 
to  the  LBf  which  changes  with  the  spectral  line.  F ,  and  Fo  run  in  sync  at  a  fast  frequency 
which  is  an  integer  fraction  of  the  base  rate  31.5  kHz,  two  times  the  video  horizontal-line 
frequency. 


jjhis  30  Hz  implies  that  the  ferroek'ctric  is  mocluhitcxl  at  the  high  frt'quency  and  is  switched 
in  its  phase  at  the  30  Hz  rat<'.  All  of  the  fcrroelectrics  arc  modulated  in  phase  based  upon 
external  .sync  signals.  The  30  Hz  external  sync  is  common  to  all  th('  VTT  video  systems 
to  guarantee  synchronous  camera  operation.  The  high  frequency  is  set  to  be  a  integer 
fraction  of  two  times  the  video  horizontal- line  rate,  31.5  kHz.  This  frequency  was  chosen 
so  that  it  is  possible  to  obtain  eqtial  exposures  of  tlu'  two  signals  in  each  output  channel 
in  one  video  frame.  The  control  .signals  are  latched  in  sync  with  the  ccd  rate  to  avoid  the 
need  for  critical  event  timing  in  the  host  computer.  The  fcrroelectrics  automatically  switch 
in  phas('  aftcT  3  seconds  if  the  first  two  bits  are  not  set  and  the  third  bit  is  not  changed, 
because  material  damage  occurs  if  they  are  not  cycle<l. 

The  various  combinations  permit  setting  of  specific  experiments  in  each  exposure  or 
video  fraiiK’.  If  the  high  frequ<*ncy  b.r  alone  is  s<'t  for  the  input  fi'rrcx'k'ctric  F,  and  not 
for  the  output  ferroelectric.  F„.  as  in  the  1^,,,  ,,  and  I,„i^  experimc'iits  in  Table  2.1,  then 
modulation  of  the  input  polarization  occtirs  summing  two  polarization  states,  e.g.  I  +  Q 
plus  I  —  Q.  to  give  just  the  unpolarized  /.  The  slow  switching  of  F„  at  the  ccd  rat(' 
is  accomplished  by  setting  the  30  Hz  bit  for  vicleo  or  by  switching  the  phase*  change  bit 
between  frames  for  slow-readout  ceds.  This  switching  interchanges  the*  output  spectral 
channels  in  succe’ssive  cycles  which  is  useful  for  automatic  gain/dc  corrc'ction  in  the  ceds 
as  W(’  discuss  below.  In  all  of  the  polarized-light  operating  modes:  Qr,,t,,  Qodd-,  Uevtn- 
^  odd-  Ictrn.  and  \odd-  both  ferroelectrics  F,  and  F„  are  modulated  at  the  high  rate.  In 
addition  Fo  is  also  modulated  at  the  ccd  rate  to  change  the  phase  of  the*  output  spectral 
channel  in  successive  ccd  cych's. 

Each  of  the  8  experiments  are  always  p<'rform<'d  at  least  twice  in  sequence,  reversing 
the  sen.se'  of  the  detectors  for  the  repeat.  A  surnmefl  difference  signal  from  the  two  experi 
ments  then  stibtracts  the  constant  dark  current  from  the  two  signals.  Ratios  of  differenct's 
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give  the  relevant  physical  parameters  as  we  discuss  in  the  next  section,  so  the  process  k  ads 
to  an  automatic  gain  correction  also.  There  is  a  small  s('i-ing-gain  cross  talk  that  occurs 
if  the  seeing  is  of  differing  quality  in  the  repeat.  An  approximate  calibration  procedure 
avoids  this  seeing- gain  cross  talk.  For  now,  the  observations  were  obtained  in  the  eight 
experiment  modes  shown  in  Table  2.1,  each  executed  twice  for  a  total  of  IG  ced  image  pairs 
per  set. 

The  nematic  crystals  were  each  calibrated  on  the  i)ench  as  a  function  of  color  and 
temperature.  Figure  4  shows  examples  of  the  response  functions.  Each  lU'inaiic  liquid 
crystal  has  a  diffen'nt  response  function,  and  for  purposes  of  tlu'  experiment,  the  voltage 
for  a  desired  retardance  was  given  by  din'ct  interpolation  in  tlu'  smoothed  response  curves. 


Figure  4:  Nematic  Response  Voltag«‘  as  a  Function  of  Rc-tardance.  The  uppf'i  panel 
shows  the  actual  measured  values  and  th<'  smoothed  curve  through  the  measurements  for 
red  illumination,  GG70A  ±5()A.  Th<’  lower  panel  shows  smoothed  response  curves  for  the 
same  nematic  liquid  crystal  for  red  (dotted).  6G70.\  ±00A,  for  green  (dashed).  GGSOA 
dh50A,  and  for  blue  (dash-dot).  45G0A  ±50A,  illumination. 


t 


3.  EXPERIMENTAL  RESULTS 


The  Liquid  Crystal  Polarimeter  (LCP)  vvas  asseiiil)l('d  and  tested  at  the  XSO/SP 
Vacuum  Tower  Telescope  during  an  observing  run  March  9  IG.  1992.  The  system  can 
be  operated  in  many  spectral  liiK's  using  the  general  tuning  property  of  the  Sacrann’iito 
Peak/ Universal  Birefringent  Filter  (UBF)  (400()A  to  7()()()A).  The  UBF  is  a  mechanically 
tuned  Lyot  type  birefringent  filter  with  a  passband  of  ().24A  at  G563A.  TIk'  passband  go<’s 
like  A",  so  it  is  a  0.155A  passband  filter  at  5172A  MgZ?. 

The  LCP  system  provided  initial  vector  magnetograms  in  4  lines:  MgB  ul73A.  Caf 
6103A.  Fe/  5247. SA.  and  F('/  5250. 2A.  Figun’s  5  and  G  show  the  polarization  maps  for 
MgB  deri\('d  from  one  completf'  set  of  sampU's.  The  spectrally  even  polarization  imagi's 
are  plott('d  on  a  range  of  ±4%  in  Figure  5  compared  to  the  unpolarized  line  strength. 
There  is  no  evidence  of  systematic  effects  due  to  tin-  gain  table  of  the  chips  which  individ¬ 
ually  showed  fringes  and  bad  pixels.  Seeing  niisr<'gistration  ('ffects  are  not  ('vident.  Seeing 
residuals  are  common  to  all  other  magnetogram  systems  which  employ  sequential  acquisi 
tion  of  the  conjugate  polarization  components  with  one  detector.  Thus  the  two  detection 
method  is  advantageous  in  two  ways. 

The  signal  to  noise  is  ratlu'r  low,  characteristic  of  the  transverst'  magiK'tic  field  signal. 
This  signal  to  noise  is  consistent  with  the  photon  statistics  for  the  4  ccd  images  that  go 
into  each  image.  The  spectrally  odd  polarization  images  from  Figtire  G  show  less  noise 
characteristic  of  the  higher  signal  for  the  longitudinal  magnetic  field. 

We  might  expect  that  the  Veven  / Qoii.i/ 1  n  n-,  Hiid  Voddihvvn  signals  should  be 
zero.  The  transverse  rnagiu'tic  field  produces  an  ev<'n  spt'ctral  component  that  is  pohirizt'd 
only  in  Q  and  V .  and  the  longitudinal  magnetic  field  produces  an  odd  spectral  component 
that  is  polarized  only  in  V  for  tlu'  normal  Zeennm  c'ffect.  However,  Dopph'r  velocity  shifts 
the  line-center  position  with  respect  to  th('  filter  passband  and  leads  to  approximately 
59i  crossttilk  between  the  spt'ctrally  odd  and  even  components  for  a  given  polarization 
state.  The  effect  can  be  remov('d  exactly  because  the  loddj iwm  niap  gives  the  line  center 
position  at  each  pixel  in  th<'  image.  The  Lyot  filter  natural  profile  function,  Figure  2.  pro¬ 
vides  a  complete  spectral  s.-imple  which  allows  pi<'cise  spectral  shifting  of  the  measurement 
(Xovember  19S4). 

The  .second  source  of  cross  talk  between  the  components  is  caused  by  the  pokirization 
effect  of  the  telescope.  The  telescope  has  oblique  reflections  and  stressc'd  vacuum  windows 
which  introduce'  pa.'ial  absorption  and  polarization  retardation.  Thus  there  is  mapping 
between  the  polarization  components  in  the  even  and  in  the  odd  image's  (see  Xovember 
1988.  1989).  This  effect  is  large  (30%  50%)  an<l  can  be  removed,  in  princiitle.  by  applying 
the  inverse'  matrix  of  the  tele'sceipe. 

It  is  a  convenient  property  of  the  Sacraine'nto  Peak  Vacuum  Teiwer  Telescope  that 
the  linear  polarizat?  n  state  is  not  reitate'd  by  meire  than  3.5°.  Figure  7  shows  an  actual 
measuremt'nt  made  during  the  course'  of  one  ehiy  by  rotating  a  large'  sliet't  polarizer  place'd 
over  the  e'lit ranee  window  while  making  polarizatieni  measure'inents  at  the  telescope  e'xit 
port.  Thus  the  linear  polarizatieni  elire’ction  nu'asure'd  by  the  polarinie'tcr  in  the  solar  image' 
must  be  the'  correct  linear  polarizatiem  direction  eni  the  sun.  We  there'feire'  take  Q^vt^nl irven 
and  Irven  as  representative  of  the  transveTse  fiedu.  The  V,  vcn/I,  m,  e’eanponent  must 

be  mteinly  a  linear  combination  of  the  two  mapped  freim  the'  telesceipe'  matrix. 
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Spectrally  Even 


Figure  5:  SiKcriiilly  Even  Polnrizatioii  Images  for  Mi/D  of  an  Active  Region.  Tlu'  I 
Stokes  signal  time's  the'  even  spc'ctral  transmission  function  l,rf»-  i^  shown  in  the' 

IGO  X  120  arcse'c  fie'lel  e)f  an  active  re'gion.  is  a  rne'tisure'  e)f  tlie'  line'  stre'iigth.  The' 

relative  e've'ii  Ste)ke's  signals  Qcvml Iev<  n-  tTi.m/T  rrn-  j I,  n  ji  tire'  she)wn  e)n  a  scale'  eif 

±4‘X .  The'  e've'ii  Ste)ke's  signals  contain  the  transverse  magnetic  flux  anel  elire'ctie)n. 


Figure  6:  Spectrally  Odd  Polarization  Images  for  MgD.  The  normalized  odd  Stokes 
signal,  loddlLven,  is  a  measure  of  the  line  shift  or  Doppler  velocity.  The  relative  odd 
Stokes  signals  Qodd/ leven-,  odd/Ieven,  VoddI ^evdi  iirp  showii  Oil  a  scalc  of  ±8%.  Tlio  odd 
Stokes  signals  give  a  measure  of  the  longitudinal  magnetic  flux. 


Rotation  of  Polarization  State  in  Telescope 
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Figure  7:  Rotation  of  Polarization  Azimuth  in  the  SP/VTT.  The  measured  output  linear 
polarization  direction  is  plotted  as  a  function  of  the  linear  polarization  direction  at  the 
entrance  of  the  SP/VTT.  The  measurement  was  made  by  rotating  a  large  sheet  polarizer 
in  front  of  the  telescope  entrance  window  during  the  course  of  one  day  while  making 
measurements  at  the  exit  port  (see  November  and  Elmore  1987).  Though  the  telescope  has 
approximately  30°  retardation  effect  which  changes  during  the  day,  the  linear  polarization 
direction  is  preserved  within  3.5°.  The  effect  can  be  understood  as  a  natural  statistical 
property  for  an  optical  system  consisting  of  multiple  weak  elements  which  each  have  linear 
polarization  principle  axes  (see  November  1989). 


The  longitudinal  field  produces  principally  a  V  polarized  odd  state  which  is  mapped 
partially  into  Qodd/hven  and  Uoddlleven  by  the  telescope.  Therefore  the  Voddfhven  sig¬ 
nal  alone  can  be  taken  as  representative  of  the  longitudinal  magnetic  field.  In  Figure  8, 
contours  of  Vgdd/Ieven  are  shown  plotted  on  the  line  strength  leven  image  with  vectors 
showing  the  amplitude  and  direction  from  the  Qeven! hven  and  Ueven/ hven  images.  Fig¬ 
ure  8  is  therefore  the  vector  magnetogram  which  depicts  the  longitudinal  and  transverse 
magnetic  flux. 

In  addition  there  is  some  evidence  for  a  variation  of  the  polarization  effect  over  the 
field  of  view.  This  effect  can  be  seen  in  Figure  5  for  Q even! leven  as  a  positive  (light) 
enhancement  along  the  lower  right  side  of  the  image.  Field  of  view  polarization  effects 
were  not  considered  in  the  present  analysis.  More  exact  methods  will  be  employed  in  a 
follow  up  study  using  the  methodology  for  in-situ  calibration  described  in  the  next  section. 

The  Doppler  velocity  is  accurately  represented  in  loddlhven  with  a  small  systematic 
correction  due  to  line  width/blocking  filter  cross  talk  (November  1984).  The  line  strength 
and  continuum  intensity  are  contained  in  the  leven  image  and  sum  images  -f  With 
multiple  spectral  lines  from  the  same  multiplet  it  is  possible  to  separate  the  magnetic-field 
strength  and  partial  filling  factor  using  well-known  techniques.  Multiple  spectral  lines  dif¬ 
fering  in  height  of  formation  provide  height  resolution  of  the  physical  parameters.  Fourier 
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Figure  8:  Wctor  Mngurtograiii  iict^nired  with  Liquid  Crystal  I’olai  iiiictc'r.  ICpial  coiitoius 
of  lonyitudinal  magnetic  Htix  an'  shown  plotted  o\'cr  !  iie  relai  i  \  e  line  st icngt  h  in  half  tones, 
solid  contours  for  i>ositiv('  longitudinal  field  and  dasiu'd  for  negati\e.  Wctors  showing  the 
linear  ijohii iztition  direction  and  timiilitude  :ue  superimposed. 


spectral  paraia«'ters  are  known  to  l)e  relatively  insensitive  to  line  shape  ( Brown  19S0.  Evans 
1980,  November  1984),  and  so  this  systc'in  may  providt'  iiK'asured  parameters  that  are  rela¬ 
tively  insensitive'  to  the  atmospheric  mode'l.  Sensitivity  of  the  measured  paraiiu'ters  to  the 
atmospheric  model  is  a  large  effect  in  other  magnetographs  which  spectrally  emdersample 
the  line-profile  function.  A  follow  tip  study  will  investigate'  the  detailed  line’  feirmatietn 
properties  for  a  number  eif  solar  lines  sampled  by  this  type'  etf  Fourier  spee  tral  analysis. 

Initial  tests  sheiwed  the  feasibility  for  studying  ele'ctric  fielels  using  the-  same  system. 
The'  filter  was  run  in  the  Balmer  line's  Htt,  H,*?,  H*).  H/i  with  the'  LCP  in  an  expletrateiry  re'st. 
Ratieis  e)f  paramete'rs  in  differe'iit  Hydretgonic  line's  preniele’  a  uie-asure  eif  the’  e’le’ctiic-fielel 
strength  thremgh  the'  Stark  effect. 

4.  IN-SITU  CALIBRATION 

The  present  system  preivides  ve'iy  geieiel  magne'tic-fie'lel  ve'ctor-compone’iit  separatiein 
because  of  the  geiod  .spe'ctral  discriminatieui  inhe're'iit  in  this  e-eanplete  Feairie'r  sample.  Thus 
it  was  possible'  to  apply  self-cemsistent  me'theids  in  the'  pre'sent  analisis.  A  metre  exact 
methodology  shenvs  the  petwe'r  eif  using  spe'ctral  infetrmatieni  aletne  tet  discriminate'  be’twe'c'n 
telescope  and  setlar  peilarizatiem  e'ffe'cts  (se'e  Nem'uibe'r  1991). 

Howt've'r,  it  is  be-ttcr  that  a  caliltratieni  proex'elure'  use  se  parate'  infetrmation  tei  ele'ter- 
mine  the  optical-system  polarizatiem  transformation  se'parate'  fremi  the  setlar  etbse'rvatiem. 
It  is  preferable  too.  that  it  be  done'  in  situ  tei  ceinsiele'r  multiple-ele'inent  alignme>nt  e'ffects 
and  the  possibility  of  slow  variatienis  with  time. 

Calibratiein  in  situ  is  pe'rformt'd  by  inserting  known  jieilarizatiein  seairce's  inte)  the  eip- 
tie'al  system  and  measuring  the  modified  polarizatiem  states  at  the  exit.  We  think  eif  the 
classical  Mueller  representation  where  four  indetpendent  petlarization  states  taken  as  input 
with  meastrrements  at  the  output  de-termine  the'  Mtiellei  matrix  fe)r  the'  de'vice'.  However, 
the  classical  Mueller  matrix  derive-d  in  this  way  suffers  from  several  defects:  ( 1)  Naturally 
precise  circularly  polarized  sources  are  not  available  anel  an  inde'pende'nt  pe)larize'el  1'  state 
can  not  be  etbtained  dir<!ctly.  Retardatietn  is  require'd  te)  pretduce  a  circularly  polarized 
state,  but  most  retju'dation  sources  are-  wavelength,  tempe'rature,  and  optical  alignment 
sensitive  (see  November  1992b,  1992c,  1993).  (2)  The  Mueller  representation  is  an  over¬ 
specification  which  does  not  uniquely  decompose  into  physical  device  parameters.  (3) 
Mueller  matrices  can  be  derived  nuiiu'rically  that  give  nonphysical  solutions,  correspond¬ 
ing  to  the  creation  of  polarization  which  can  lead  to  light  state's  that  are  riujK'  than  100% 
polarized  in  applying  the  Mueller  matrix. 

It  is  possible  to  obtain  the  .Tone's  matrix  etr  an  e'lihanceel  form  including  isotropic 
depolarization  which  accurately  re'pre'sents  etptical  imaging  systems  (see  Neweniber  1989. 
1992a).  These  sedutions  have  the  aelwantage  thjit  tlu'y  are'  ele'termined  using  three  inde¬ 
pendent  polarization  sources  thus  pre'clueling  the  ne'e'el  fe)r  i\  circularly  peilarize'el  semree'.  It 
is  peissible  tei  eibtain  inhe’rently  pree-ise  wiele  fielel  liimai  peilarizatiem  semree  s  using  Gian 
Thompson,  Weillaston,  or  Reichem  prisms  rvhich  are  natural  linear  polarize-rs  liase'd  upon 
the  properties  eif  optically  nonactive'  crystids.  Reitatiem  eif  the'  linear  pedarize'r  is  sufficient 
to  obtain  thre'e'  independent  polarizatiem  senircrs. 

This  methodology  is  the  basis  for  my  preiposal  for  pre-cise  in-situ  calibration  of  the 
telescope  and  Liquid  Crystal  Peilarirne-fer.  Spe'cial  harelware'  will  affect  the  inse'rtion  ejf 
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a  pr<Tis<’ly  rotatable  linear  polariztT  befon*  the  telescope.  Rotation  of  a  linear  polarizer 
that  covtTS  a  small  portion  of  the  aperture  can  f:,ive  a  single  matrix  for  the  optical  system. 
Spatial  nonuniformities  in  the  solution  can  be  calibratt'd  iiulepeiuk'ntly  using  magnetic 
images  made  in  quiet  sun.  because  the  important  effects  are  due  to  the  cross  talk  from 
unpolarized  into  polarized  components. 

The  telescope  has  the  difficulty  that  it  has  a  systematically  changing  matrix  due  to 
the  changing  pointing  during  the  day.  The  reflection  angles  change  and  corrc'spondingly 
the  individual  device  matrices  change,  so  that  the  serial  product  matrix  that  represents 
the  whole  system  changes.  I  showed  that  extrapolation  of  the  Jones  matrix  for  a  serial 
element  polarized  light  system  of  n  rotating  eh'ments  can  be  performed  exactly,  givx-n  n 
matrix  determinations  of  the  whole  syst<“m  with  independent  clement  angles  (.see  Xo\'ember 
1988.  1989).  Thus,  the  SP/VTT  with  3  independent  rotating  optical  eleiiK-nts  requires  3 
matrix  determinations  to  infer  the  matrix  for  the  system  for  all  i)ossibl('  orientations  of 
the  optical  elements.  \  few  calibrations  don<'  during  the  day  can  be  applied  at  all  times 
during  the  day  or  to  adjacent  day's  observations.  This  solution  gem'ralizes  to  depolarizing 
systems  as  well  (November  1992d). 

5.  CONCLUSION 

The  Liquid  Crystal  Polarimeter  demonstraft's  the  possibility  for  solid-state  imaging  of 
solar  magnetic  fields.  The  natural  profile  function  for  the  Lyot  filter  providc's  an  ideal  spec¬ 
tral  mask  that  allows  the  iiulependent  polarization/ spectral  compoiK'iits  to  be  obtained 
in  a  minimum  of  measurements  without  moving  parts.  The  system  provid('s  for  almost 
simultaneous  imaging  in  conjugate  components  using  the  rapid  switching  caiJability  of 
ferro-electric  liquid  crystals  to  give  difference  image's  that  are  tmaffected  by  atmospheric 
seeing.  The  diffe'rence  images  provide  complete  magnetic-field  information  as  we  demon¬ 
strated  here,  or  can  be  used  for  imaging  other  polarization  paramete’rs  like  ek'ctric  field 
or  impact  polarization.  The  solid-state  design  combined  with  the  natural  passband  char 
acteristics  for  the  Lyot  filter  provide  a  considerable  simplification  to  previous  d('signs  and 
with  greatly  improved  reliability.  With  proper  polarimetric  and  field  strength  calibration. 
th('  system  should  provide  an  inherently  high  measurement  precision. 

The  fast  tuning  system  operating  in  the  relativ<'ly  broad  passband  gives  the  possibility 
for  video  imaging.  Though  the  magnetograin  shown  lu’n'  took  30  seconds  to  obtain,  the 
same  signal  is  available  in  about  1/2  second.  Th<'  loss  du<'  to  the  readout  time  of  the 
detector  could  be  eliminateil  by  using  video.  Hardware  is  now  becoming  j)\’nilable  fcjr 
handling  the  data  rate  and  we  anticipate  implem<nting  a  fast  video  acqui.sition  .system 
soon.  With  this  upgrade  the  present  system  will  have  a  maximum  polarimetric  sensitivity 
and  sptjed.  for  studying  weak  fields,  rapidly  changing  phenomena,  and  high- resolution 
morphology. 

Although  polarimetric  calibration  of  liquid  crystal  elements  is  necessary,  in  situ  meth¬ 
ods  for  automatic  calibration  have  bei'ii  developi'd  w’hich  will  permit  indejx  iidi'iitly  verified 
polarimetric  precision.  The  caliluafion  metho<l  is  an  alternative  to  the  well  known  Mueller 
matrix  method.  The  device  is  characterized  by  a  restrict('d  form  that  excludes  nonisotropic 
depolarization  effects,  with  is  a  representation  ideally  suited  for  imaging  optical  systems. 
The  method  provides  a  genc'ral  polarization  determination  with  reference  only  to  a  rotating 
linear  polarizer  and  does  not  rely  upon  given  circularly  polarized  sources. 
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The  particular  calibration  problem  for  a  telescope  is  that  it  contains  nmhiple  lotatinc 
<‘l('ments  in  seru’s  which  are  continuously  changing  in  tinu'.  A  general  extrapolation  formula 
w'as  developed  for  serial-elcmt'iit  systt'ins  which  allows  intf'rpolation  between  tel('scop(> 
matrix  measurements  in  a  single  day  or  the  application  of  measurements  made  on  one  day 
to  adjacent  obst'rving  days. 

An  improved  system  could  be  obtained  by  combining  th('  Liquid  Crystal  Polarimeter 
with  a  solid-stat('  tuning  Lyot  filter.  Such  a  syst<-in  would  give  the  possil)ility  lor  multi¬ 
wavelength  differential  photoiiK’try  and  for  more  dtUailed  spectral  liiu'  analy  ses. 
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